Electrical Coupling and Neuronal Synchronization in the Mammalian Brain  by Bennett, Michael V.L & Zukin, R.Suzanne
Neuron, Vol. 41, 495–511, February 19, 2004, Copyright 2004 by Cell Press
ReviewElectrical Coupling and
Neuronal Synchronization
in the Mammalian Brain
are likely to be found. Connexins (as members of a
gene family) have conserved sequences and exhibit a
common membrane topology. Different connexins as-
semble to form junctions that differ in single channel
conductance, gating, permeability depending on both
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size and charge, and temporal and spatial patterns of
expression (Cao et al., 1998; Harris, 2001; Saez et al.,Certain neurons in the mammalian brain have long
2003). At a gap junction, each cell provides hemichan-been known to be joined by gap junctions, which are
nels or connexons that dock one to one with hemichan-the most common type of electrical synapse. More
nels in the other cell. Hemichannels are hexamers, ho-recently, cloning of neuron-specific connexins, in-
momeric if they are comprised of one kind of connexincreased capability of visualizing cells within brain tis-
and heteromeric if they are comprised of more than onesue, labeling of cell types by transgenic methods, and
kind. Co-expression of multiple connexins is common ingeneration of connexin knockouts have spurred a
cells, and heteromeric hemichannels do occur, althoughrapid increase in our knowledge of the role of gap
their prevalence and stoichiometry are poorly known.junctions in neural activity. This article reviews the
Hemichannels of the same kind form homotypic junc-many subtleties of transmission mediated by gap junc-
tions; hemichannels of different kinds form heterotypictions and the mechanisms whereby these junctions
junctions. It is also useful to distinguish homo- and het-contribute to synchronous firing.
erocellular junctions, which may be homo- or hetero-
typic. “Compatibility” between connexins, the propertyGap Junctions
of forming heterotypic junctions, has been determinedGap junctions are clusters of channels that connect the
for only a small fraction of the 190 possible pairwiseinteriors of adjoining cells and mediate electrical cou-
combinations of homomeric hemichannels, but it is notpling and transfer of small molecules. In the initial elec-
universal and may be uncommon. For example, Cx32,tron microscopic description of these junctions, the ex-
Cx36, and Cx43 do not form junctions in any of thetracellular space between the adjoining cells appeared
three pairwise combinations. Electron micrographs ofreduced to a narrow gap, and the channels crossing the
heterotypic junctions show different antibody labelinggap were not well resolved (Revel and Karnovsky, 1967).
on the two sides (Figures 1B and 1C; e.g., Ochalski etThus, the term gap junction derives from a structural
al., 1997). A more striking picture is provided by cellscharacteristic not obviously related to function. The gap
expressing a connexin tagged with differently coloreddistinguishes these junctions from “tight junctions” or
fluorescent proteins (Figure 1A). In mixed cultures, ho-“zonulae occludentes,” where the intercellular space
motypic junctional plaques are of one or the other colorbetween adjoining cells appears completely occluded
(here shown in pseudocolor red and green). Heterotypic(but see Tang and Goodenough, 2003). The large internal
junctions show about half the fluorescence of each la-diameter (1.2 nm) of many gap junction channels
beled connexin relative to the homotypic junctions, andallows not only flow of electric current, largely carried
a merged image is, as expected, orange.by K ions, but also exchange of small metabolites and
The life cycle of gap junctions has been well character-intracellular signaling molecules. Gap junctions can syn-
ized. Connexins lack a signal sequence, and most arechronize electrical activity and may subserve metabolic
cotranslationally inserted into the ER membrane. Cx43 iscoupling and chemical communication as well. They are
assembled into hexamers in a trans Golgi compartment
thought to play an important role in brain development,
(Das et al., 2001; Musil and Goodenough, 1993; Saez
morphogenesis, and pattern formation (Bennett et al.,
et al., 2003). Vesicles containing connexin hexamers,
1991; Bruzzone et al., 1996; Dermietzel et al., 1989; that is, hemichannels or connexons, are transported to
Goodenough et al., 1996). However, mice with targeted the cell surface by a microtubule-independent system
deletion of any one of a number of connexins expressed and fuse with the external membrane. (The smallest
in brain still exhibit relatively normal structure and func- connexin, Cx26, can be inserted into membranes post-
tion, suggesting either redundancy or relative unimpor- translationally and is transported to the membrane by
tance (Buhl et al., 2003; Deans et al., 2001; Guldenagel a microtubule-based system.) Inserted hemichannels
et al., 2001). diffuse laterally in the membrane until they dock with a
Connexins, the proteins forming gap junctions, are hemichannel in an apposed membrane to form a cell-
encoded by a gene family with at least 20 members in cell channel. A substantial number (hundreds) of chan-
mammals (Willecke et al., 2002). They are commonly nels may have to aggregate before even a single channel
named by their predicted molecular mass to the nearest opens, and in larger junctions the fraction of open chan-
kDa, with a prefix for species where necessary. A later nels may be on the order of 1 in 10 (Bukauskas et al.,
connexin with a kDa number already occupied gets an 2000). Degradation of gap junctions proceeds by inter-
additional significant figure, as in Cx30.1. Given that the nalization of both junctional membranes into one of the
human genome and much of the mouse genome have adjoining cells (and involves all or only part of the junc-
been sequenced, few additional mammalian connexins tional plaque); in the cells shown in Figure 1A, red inter-
nalized junctions are found only in red-expressing cells,
green only in green-expressing cells, and orange in both*Correspondence: mbennett@aecom.yu.edu
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Figure 1. Each Cell Contributes Hemichan-
nels Formed of Its Own Connexin(s) to Gap
Junctions between Cells
(A) HeLa cells expressing Cx43-YFP, shown
in red (cells 2 and 3), and Cx43-CFP, shown
in green (cells 1, 4, and 5), form red or green
homotypic junctions and orange heterotypic
junctions (colored arrows, merged image of
YFP and CFP fluorescence). Internalization
takes the entire junction into one or the other
cell; thus, red internalized junctions are only
in red cells, green internalized junctions are
only in green cells, and orange, heterotypic
junctions (arrowheads) are in both red (3) and
green (1) cells. (Unpublished work by F.F. Bu-
kauskas and V.K. Verselis.)
(B) A gap junction (arrowheads) between
astrocytes shows Cx43 immunoreactivity
(peroxidase label) on both faces. Asterisks
indicate the cytoplasm of the two quite flat-
tened cells.
(C) A gap junction between an astrocyte and
a (presumed) oligodendrocyte shows Cx43
immunoreactivity on only one side of the junc-
tion. (B) and (C) adapted from Ochalski et
al., 1997.
types. Remarkably, in the internalization process, two site of impulse generation and thereby hyperpolarizes
it and decreases excitability. This mode of transmissioncell membranes are ruptured and resealed, and a little
cytoplasm is transmitted to the engulfing cell from the is rare, and for simplicity in this review, we will use
the terms electrical synapse and gap junction almostother cell. In many tissues, the lifetime of connexins is
remarkably short, only a few hours (Beardslee et al., interchangeably, depending on whether the emphasis
is on transmission or structure. A third class of electrical1998; Gaietta et al., 2002). In contrast, gap junctions
in differentiated lens do not turn over for the life of transmission is ephaptic, i.e., electrical interaction medi-
ated by extracellular fields or at an unspecialized appo-the animal.
The existence of gap junctions and/or electrical syn- sition. An analogous process is transmitter spillover at
a chemical synapse.apses in the mammalian brain has been known for de-
cades (for early reviews, see Bennett, 1977; Sotelo and Functional analysis has been greatly advanced by the
cloning of connexin genes, permitting in situ hybridiza-Korn, 1978), but was not considered of great importance
by most mammalian electrophysiologists until quite re- tion, development of sequence specific antibodies, and
application of transgenic approaches (Willecke et al.,cently. The newer physiological findings confirm and
greatly extend earlier anatomical studies. In mammals, 2002). IR-DIC (infrared differential interference contrast)
microscopy and multiphoton imaging are making visual-electrical transmission mediates reciprocal, synchroniz-
ing interaction between neurons as well as “feed for- ization of morphologically identifiable cells possible in
acute tissue slices (Figure 2A) and even in vivo (Trach-ward” excitation. (The finding of recurrent or feedback
inhibition led to the back construction “feed forward tenberg et al., 2002), and these cells can then be charac-
terized electrophysiologically and by filling with tracersinhibition,” which is just inhibition of downstream ele-
ments. Similarly, reciprocal or lateral excitation leads such as Neurobiotin followed by immunocytochemistry
(Figures 2D–2F). Generation of transgenic mice express-to the phrase feed forward excitation, which is simply
excitation as usually understood.) Synchronization can ing a reporter gene such as green fluorescent protein
under the promoter of a cell-specific protein is anotherbe of locally acting neurons, e.g., inhibitory interneurons
of neocortex, and of projection neurons, e.g., those of new approach that can facilitate visualization of different
types of neurons (e.g., Matsushita et al., 2002; Meyer etthe inferior olive. In cold-blooded animals, electrical
transmission can be significantly faster than chemical al., 2002). Mice with targeted deletion of specific con-
nexin genes may provide an indication of the physiologi-transmission, but this property is less important in mam-
mals where higher body temperature reduces delay at cal function of a given connexin, as well as validation
of its pattern of immunolabeling. Replacing the codingchemical synapses. Electrical transmission from affer-
ents onto Deiters’ cells in the vestibular nuclei of rat sequence of a given connexin with a reporter gene can
allow characterization of its spatio-temporal pattern ofmay speed motor responses (Korn et al., 1973), but in
larger animals, the savings associated with electrical expression (e.g., Buhl et al., 2003; Deans et al., 2001;
Guldenagel et al., 2001).transmission would be a very small fraction the total
latency. Inhibitory electrical synapses not formed by gap
junctions have been described (Furukawa and Fursh- Which Connexins Are Expressed in the Central
Nervous System?pan, 1963; Korn and Axelrad, 1980; cf. Bennett, 1977).
At these synapses, outward current from the inhibitory At least 10 connexins are expressed in the mammalian
central nervous system but with differing cell specificitypresynaptic elements generates positivity outside the
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Figure 2. Visualization of Neurons by IR-DIC,
Electrical Coupling, and Biocytin Fills
(A) A pair of neurons viewed with IR-DIC mi-
crocopy and their responses to depolarizing
pulses. The cells’ pattern of long latency,
high-frequency firing near threshold identifies
them as FS (fast spiking) cells. The recording
pipettes are obvious. Scale bars equal 20 mV,
0.1 s, 10 m.
(B and C) When either cell is depolarized or
hyperpolarized, attenuated and slowed po-
tentials are recorded from the other cell.
(A)–(C) from Galarreta and Hestrin, 1999.
(D) Reconstruction of a biocytin-labeled fusi-
form interneuron from the sensory (barrel)
cortex. The dendrites are in black; the axon
is in red.
(E and F) A biocytin-labeled fusiform interneu-
ron (E) is somatostatin positive by in situ hy-
bridization with a digoxygenin-labeled ribo-
probe (F). (D)–(F) from Venance et al., 2000.
(Table 1). Cx36 is the principal neuronal connexin in the 2000). Horizontal cells, which are extensively coupled
probably in all vertebrates (Trexler et al., 2001), do notadult (Belluardo et al., 2000). Cx45 is strongly expressed
in the brain at the mRNA level for the first two weeks of express Cx26 or Cx36 (Deans and Paul, 2001) and
may be coupled by Cx57 (Massey et al., 2003). High-development and is largely absent in the adult except
for hippocampal CA3, thalamus, and cerebellar granule frequency discharges in hippocampus, which appear
to be mediated by electrical synapses (Schmitz et al.,cells (Condorelli et al., 2003; Maxeiner et al., 2003). Stud-
ies by freeze fracture replica immunolabeling (FRIL, Fig- 2001), persist in the Cx36 knockout animal (Buhl
et al., 2003; Pais et al., 2003); these data support theure 3), which are precise but at this time still limited in
number of cell types examined, indicate that the studied existence of one or more additional connexins ex-
pressed byneurons.neurons do not express Cx30, Cx32, or Cx43 (Rash et
al., 2000, 2001). Other methods of mRNA and protein An intriguing possibility is the existence of yet another
class of proteins that form gap junctions in mammals.detection provide evidence for expression of Cx43 and/
or Cx45 by olfactory neurons, mitral cells of the olfactory In protostomes, such as C. elegans and Drosophila, gap
junctions are composed of members of a gene familybulb, locus coeruleus neurons, and motoneurons
(Chang et al., 2000; Miragall et al., 1996; Zhang et al., that is unrelated to connexins (Hua et al., 2003) but
Table 1. Connexins Expressed in Cells of the Mammalian Central Nervous System
Cell Type Connexin Citation
Neurons
Neocortex Cx36 Belluardo et al., 2000; Rash et al., 2000, 2001
Neocortex, P1–P14, adult CA3, cerebellum Cx45 Condorelli et al., 2003; Maxeiner et al., 2003
Inferior olive Cx36 Belluardo et al., 2000
Mitral cells, olfactory bulb Cx36 Belluardo et al., 2000
Cx43, Cx45 Miragall et al., 1996; Zhang et al., 2000;
Zhang and Restrepo, 2002
Motoneurons Cx36, Cx43, Cx47 Chang et al., 1999, 2000
Locus coeruleus Cx43 Alvarez-Maubecin et al., 2000
Retina
Rods, cones, AII amacrine cells Cx36 Deans et al., 2002
Horizontal cells Cx57 Massey et al., 2003
Astrocytes Cx43, Cx26, Cx30 Nagy et al., 2003a, 2003b
Oligodendrocytes Cx32 Nagy et al., 2003a, 2003b
Cx29 (probably does not Altevogt et al., 2002; Nagy et al., 2003a, 2003b
mediate coupling)
Cx47 Menichella et al., 2003; Odermatt et al., 2003
Microglia Cx43 Eugenin et al., 2001
Cx36 Parenti et al., 2002
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Figure 3. Freeze Fracture Immunolabeling of
Cx36 at Interneuronal Gap Junctions in the
Inferior Olive
(A) A gap junction in the upper left is defined
by a nearly regular hexagonal array of E face
pits. It is labeled with three immunogold parti-
cles (20 nm diameter) after reaction with an
anti-Cx36 primary antibody and a gold-labeled
secondary antibody. The labeling efficiency
is low, and the particles can lie outside of the
junction perimeter because of the length of
the antibodies. The arrow to the lower right
indicates a postsynaptic density that identi-
fies the membrane as neuronal. From Rash
et al., 2001.
(B) A gap junction at a higher magnification
with a larger number of gold particles. From
Rash et al., 2000.
exhibits a surprising degree of evolutionary conver- junctions both with other astrocytes and with oligoden-
drocytes. Whereas astrocytes express high levels ofgence. The absence of connexins in protostomes can be
asserted with some confidence now that the genomes of Cx43 and also Cx26 and Cx30, oligodendrocytes ex-
press Cx29, Cx32, and Cx47 (Table 1; Altevogt et al.,Drosophila and C. elegans have been sequenced (Phe-
lan et al., 1998). To those of us who had come to regard 2002; Menichella et al., 2003; Nagy et al., 2001; Odermatt
et al., 2003). Cx26 and Cx30 form junctions with Cx32;connexins as our gap junction family, it was a bit of a
shock when data mining in the human genome dis- compatibility data for Cx47 are not yet available. Oligo-
dendrocytes make few if any junctions with each other,closed three homologs of the worm and fly gap junction
genes, a family evidently unrelated to the connexins but may be interconnected via junctions with astrocytes.
In myelinating Schwann cells, reflexive coupling be-(Panchin et al., 2000). These genes were originally
termed innexins for invertebrate gap junction forming tween successive loops of cytoplasm in paranodal re-
gions and Schmitt Lantermann incisures would reduceproteins (Phelan et al., 1998), an inappropriate name at
the time, given that ascidians, which are invertebrates, the diffusion distance for gap junction-permeable mole-
cules between periaxonal and external cytoplasmic do-had gap junctions with Cx32-like immunoreactivity (Becker
et al., 1998). Panchin et al. (2000) propose the name mains. Loss of this communication caused by mutations
in Cx32 is one hypothesized pathological mechanism“pannexin” for universal (pan) nexus (connection) pro-
tein for both the mammalian and invertebrate proteins of degeneration in the X-linked form of a peripheral neu-
ropathy, Charcot-Marie-Tooth disease (Abrams et al.,in this family, a proposal resisted by Bruzzone et al.
(2003), who retain innexin for the protostome line of 2001; Scherer et al., 1999), and the same mechanism in
oligodendrocytes may be responsible for the occasionalbilaterally symmetrically animals (nematodes, mollusks,
annelids, arthropods) and (ignoring the etymology) use subclinical effects in the CNS of these patients (Kleopa
et al., 2002; Nicholson and Corbett, 1996). The hypothe-pannexin for the vertebrate homologs. Two of the rat
homologs are expressed in the CNS and form gap junc- sized paranodal and Schmitt-Lantermann gap junctions
have not been described by electron microscopy, andtions when expressed in Xenopus oocytes (Bruzzone
et al., 2003). Functionality in the CNS remains to be their presence is inferred from dye spread from outer
to inner layers of myelin and by light microscopic immu-determined. Although differences in the sequence indi-
cate that connexin-based and pannexin-based gap nochemical localization of connexin immunoreactivity
(Balice-Gordon et al., 1998). Persistence of dye spreadjunctions are separate evolutionary adaptations (Hua et
al., 2003), there is a remarkable degree of functional in peripheral fibers from Cx32 knockout mice suggests
the existence of an addition gap junction protein. Recentconvergence including permeability to molecules of 1
kDa and block by many of the same pharmacological data demonstrate that oligodendrocytes express Cx47
in addition to Cx32 (Menichella et al., 2003; Odermattagents, by low cytoplasmic pH, and by high cytoplasmic
Ca2. Dual mechanisms of gating by transjunctional volt- et al., 2003). Central myelin is little affected by knockout
of either gene alone, but it develops serious malforma-age are found in both classes. In pannexin-based junc-
tions, the channel diameter is a little bigger, the gap is tions in the double knockout, and the afflicted animals
die at 6 weeks of age.a little wider, and the number of channels per unit area
is a little lower. Although the role of pannexins in mam- Microglia, the resident immune cell in the nervous
system, form Cx43 gap junctions with each other uponmalian tissues is still unknown, conservation of function
has been established for many proteins with real activation by injurious stimuli in vivo or in vitro; dye
coupling between activated microglia has been demon-homologs (not analogs) in both insects and mammals.
Perhaps the putative electrical connections between ax- strated in vitro, but formation of junctions between
microglia and astrocytes or other CNS cells has not beenons of hippocampal pyramidal neurons (which express
pannexins) will turn out to be pannexin based. Moreover, investigated (Table 1; Eugenin et al., 2001). Coupling
between microglia may help to coordinate their immunepannexins may contribute to coupling in other tissues
where connexins are expressed. responses. Microglia and oligodendrocytes are reported
to express Cx36 in culture, raising the possibility of cou-Astrocytes, the major glial cells of the CNS, form gap
Review
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pling with each other and with neurons (Parenti et al., junctions has the same electrical characteristics as that
mediated by a small region of cytoplasmic continuity,2002).
What is the survival value of multiple connexins? There i.e., the junction acts like a decrease in conductor diame-
ter that decreases longitudinal conductance. Morpho-are the obvious functional differences in permeability,
gating, and posttranscriptional regulation of formation logical data can demonstrate gap junctions between
classes of cells that are coupled physiologically, butand degradation. Formation of heterotypic gap junctions
can be prevented through expression of incompatible marking a pair of coupled cells and then demonstrating
gap junctions between them by electron microscopyconnexins, although many cells expressing compatible
connexins do not form junctions. Differences in tran- is difficult. More indirectly, gap junction mediation of
coupling between interneurons is indicated by sensitiv-scriptional control may be more important than the func-
tional differences in the connexins themselves. ity to blocking agents, which include heptanol, octanol,
halothane, carbenoxolone, -glycyrrhetinic acid, anan-
damide, oleamide, and fenamates (Harks et al., 2001;Electrical Synapses between Inhibitory
Harris, 2001). Cytoplasmic continuity, where tested, isNeurons of Mammals
unaffected by these agents. Another indication of cou-Although there has long been evidence of electrical cou-
pling via cytoplasmic continuity, rather than via gappling of interneurons, e.g., morphologically identified
junctions, is cell-cell passage of larger molecules thatdendrodendritic gap junctions or “gap junction-like”
do not cross gap junctions, such as fluoresceinatedstructures (Fukuda and Kosaka, 2003; Katsumaru et al.,
dextrans; injection of a combination of gap junction-1988; earlier references in Bennett, 1977; Sotelo and
permeant and -impermeant molecules into cells in prin-Korn, 1978), and electrophysiologically detected syn-
ciple enables one to distinguish between the two mech-chronous IPSPs (Jefferys et al., 1996; Katsumaru et al.,
anisms. (An earlier concern was that transfer of tracers1988; Michelson and Wong, 1994; Steriade, 1997), actual
was due to creation of cytoplasmic continuity duringmeasurements of electrical coupling between neocorti-
cutting of acute slices or electrode penetration, the shishcal inhibitory interneurons were not obtained until rela-
kebab artifact. Although this artifact undoubtedly hastively recently (review in Galarreta and Hestrin, 2002).
occurred, and still can, the newer data leave no doubtTo get right to the point, coupling between interneurons
as to the reality of most of the observed coupling.)increases synchrony of firing, as is discussed below.
The possibility that inhibitory interneurons are cou-Direct demonstration of electrical coupling was made
pled by cytoplasmic continuity seems excluded by thefeasible by IR-DIC visualization and patch clamp re-
(near) absence of biocytin or Neurobiotin coupling. Acording from neighboring neurons under visual control.
little caution is required here; junctions between Cx36-Pairs of cells were identified by their shape, firing pat-
transfected cells or some neurons expressing Cx36 areterns, and location, and coupling between neighboring
permeable to these tracers, although the low singleinterneurons of the same type proved to be common
channel conductance is consistent with reduced perme-(Galarreta and Hestrin, 1999; Gibson et al., 1999; Ven-
ance et al., 2000). In recordings from pairs of cell, appli- ability (Deans et al., 2002; Srinivas et al., 1999; Teubner
cation of hyperpolarizing or depolarizing current in either et al., 2000; Trexler et al., 2001). Others have described
cell caused hyperpolarization or depolarization of the permeation by the larger tracer, Lucifer yellow (De
other cell, a hallmark of electrical coupling via a resistive Zeeuw et al., 2003; Onn and Grace, 1994), and the per-
pathway (Figures 2B and 2C). Furthermore, coupling meability limit of Cx36 junctions is still unresolved. The
could be measured in the presence of blockers of all rarity of tracer coupling between inhibitory interneurons
known forms of ionotropic glutamatergic and GABAer- probably depends on geometric factors. If a tracer were
gic transmission (APV, NBQX, and picrotoxin) (Beierlein not degraded and did not get out of cells, the steady-
et al., 2000). state ratio of tracer concentrations in a pair of coupled
As is now clear, specific types of inhibitory interneu- cells would be unity. However, in a network of cells,
rons, which comprise only a small fraction of cortical tracer crossing into a coupled cell would be diluted by
cells, are electrically coupled almost exclusively to passage into other coupled cells. Even where electrical
interneurons of the same type; thus, coupled pairs are coupling is readily measured, passage of tracer from
unlikely to be impaled by advancing electrodes into one cell to a large postsynaptic volume provided by a
brain tissue without guidance by microscopy and elec- single cell or many coupled cells may be below the
trophysiological characterization. Coupling of inhibitory threshold for detection in the time allotted for diffusion.
interneurons has now been observed in visual cortex (In addition, covalent modification, such as phosphory-
(Venance et al., 2000), somatosensory cortex (Galarreta lation, might modify permeability at particular sites.) The
and Hestrin, 1999, 2002; Gibson et al., 1999; Szabadics virtual absence of tracer coupling of interneurons meant
et al., 2001; Tamas et al., 2000; Venance et al., 2000), that demonstration of coupling had to wait until the cells
hippocampus (Bartos et al., 2002; Venance et al., 2000), could be visualized for paired recordings. The rarity of
striatum (Koos and Tepper, 1999), thalamic reticular nu- tracer coupling of interneurons is in marked contrast to
cleus (Landisman et al., 2002), cerebellum (Mann-Metzer Cx36-mediated tracer coupling in the retina and to Cx43-
and Yarom, 1999), and islands of Calleja (Halliwell and mediated dye coupling of astrocytes; in the latter case,
Horne, 1998). considerably larger tracers diffuse from the injected cell
into many other cells, several levels beyond the in-
jected cell.How Do We Know that the Observed Coupling
Is Mediated by Gap Junctions? Related to the lack of tracer coupling of interneurons
is an interpretation somewhat embedded in the retinalFor voltages small enough that voltage gating of gap
junctions is negligible, coupling via (nonrectifying) gap literature: unidirectional or rectifying tracer coupling,
Neuron
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i.e., passage of tracer preferentially in one direction ting synapses (Bennett, 1977). Although current begins
to flow without delay through the gap junctions duringacross a junction. As has been pointed out, in the simple
rise of the presynaptic potential, the postsynaptic poten-formulation this mechanism denies conservation of en-
tial becomes detectable only as the postsynaptic mem-ergy (Finkelstein, 1994). If a junction favored passage
brane capacitance is charged. A relevant point here isin one direction, it would permit movement up a concen-
that latency of the postsynaptic response is generallytration gradient, which could then be used to generate
not useful in identifying electrical synapses in mamma-energy in a parallel pathway. What appears to be unidi-
lian brain.rectional coupling is easily explained by differences in
The basic symmetry of homotypic gap junctions (andvolume of the coupled compartments; tracer coupling
some heterotypic junctions as well) leads to an impor-from a large to a small compartment is much more easily
tant difference from chemical transmission (even if thedetected than coupling from a small to a large compart-
latter is bidirectional, as at soixante-neuf [reciprocal]ment. Conceivably, a resting potential difference could
synapses). Since a gap junction behaves as a resistanceiontophoretically tilt tracer movement in favor of a partic-
connecting two cells, when current flows from a moreular direction, but this possibility has not been shown
positive cell to depolarize a more negative cell, thatin the cases of “unidirectional tracer flux.”
current makes the first cell less depolarized; the cou-Pharmacological blockade of specific types of gap
pling excites one cell while inhibiting the other. One canjunctions has remained elusive (mefloquine is a relatively
characterize these synapses as synchronizing ratherpotent and specific blocker of Cx36 and is likely to be
than excitatory or inhibitory. This feature of loading by avery useful in evaluation of the role of coupling between
“postsynaptic cell” is important in cortical interneurons,neurons; see Srinivas et al., 2001; Srinivas and Spray,
where each neuron is coupled to many others; although2003). Octanol and heptanol do tend to block electrically
the conductance connecting one cell to any other is low,excitable membranes (Gibson et al., 1999; Perez-Armen-
the parallel sum of all the junctional conductances is adariz et al., 1991), and loss of a function produced by
substantial fraction of the cell’s input conductance. Ita gap junction blocker with other actions does not dem-
is estimated that 1/3 to 1/2 of the input conductanceonstrate that the function is gap junction mediated. Con-
of FS (fast spiking) interneurons and inferior olive cellsversely, persistence of the function in the presence of
occurs via junctions to neighboring cells (Amitai et al.,the blocker is quite good evidence that gap junctions are
2002; Deans et al., 2001; Long et al., 2002). The estimatesnot required for that function. Carbenoxolone appears to
come from three approaches: (1) counting up the num-have minimal effects on electrically excitable membrane
ber of cells to which a single cell can be coupled and(Schmitz et al., 2001), although it may increase cell resis-
multiplying by the coupling conductance between a pairtance and increase excitability by blocking current
of cells; (2) determining the change in input conductancespread into adjacent, coupled cells (Jahromi et al., 2002).
produced by a gap junction blocker (with the possiblePeptides corresponding to the extracellular loops, or
error of action on other conductances); and (3) determin-antibodies against them, are reported to prevent assem-
ing the input conductance in the Cx36 knockout (withbly of gap junctions and could act with greater specificity
the concern about developmental differences and otherthan the known pharmacological agents (Berthoud et
connexins). Even where coupling between two inhibitoryal., 2000; Evans and Boitano, 2001; Hofer and Dermiet-
interneurons is weak, if both of them are depolarized tozel, 1998; Kwak and Jongsma, 1999); peptide and anti-
fire at a moderate frequency, their firing will be synchro-body block can be useful because of the generally rapid
nized to some degree; i.e., they will fire at nearly theturnover of gap junctions (e.g., Beardslee et al., 1998;
same time more often than if they are not coupled (Galar-Gaietta et al., 2002). Mice with targeted deletions of a
reta and Hestrin, 1999; Gibson et al., 1999; Korn et al.,specific connexin gene provide another tool (with the
1973). Where many gap junctions interconnect a groupcaveats that development may be altered and connexin
of neurons, coupling that is weak when measured be-
redundancy does occur). The Cx36 knockout exhibits
tween two cells can be highly effective in synchronizing
drastic, but not complete, loss of coupling between in-
that group. Where an action potential in one neuron
hibitory interneurons and between cells of the inferior produces only a small subthreshold potential in any one
olive (De Zeeuw et al., 2003; Deans et al., 2001; Hormuzdi of its neighbors, simultaneous activity of all the neigh-
et al., 2001; Long et al., 2002). bors can produce a much larger potential that is far
above threshold in the first cell.
Properties of Transmission An issue of both historical and current interest is the
The recently described coupling between interneurons generation of “spikelets,” brief low-amplitude potentials
exhibits the low pass filter characteristic of electrical looking like action potentials, but much smaller (e.g.,
synapses, which is a consequence of the conductance Stuart et al., 1997; Valiante et al., 1995). A spike cannot
of the gap junctions feeding into the parallel capacitance be generated without a much larger potential change
and conductance of the postsynaptic cell (Figure 4). than provided by a spikelet, because the spikelet voltage
Thus, postsynaptic responses are slowed as well as is too small to activate the channels of electrically excit-
attenuated relative to the presynaptic potential. The de- able membrane. Thus, spikelets should be generated
lay is most evident for action potentials; the peak of the some distance from the recording site, representing
postsynaptic potential is clearly delayed relative to the much larger impulses that fail to propagate in dendrites
peak of the presynaptic impulse (Bennett, 1977, 2000; or to cross an electrical synapse. However, there is a
Galarreta and Hestrin, 1998). With reasonable cell ca- problem with this picture; the decay of the spikelet can
pacitances and junctional conductances, synaptic de- be faster than passive decay of a potential in the soma,
for example, that evoked by a brief depolarizing pulselays can be comparable to those at chemically transmit-
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Figure 4. Gap Junctions in Conjunction with
Postsynaptic Capacitance Behave as Low
Pass Filters
(A) Equivalent circuit. The junctional conduc-
tance, gj, connects the presynaptic cell to the
postsynaptic conductance, gpost, and capaci-
tance, C, in parallel.
(B) Calculated presynaptic impulse and post-
synaptic potential for a reasonable ratio of
impulse rise time to coupling time constant,
but with a DC coupling coefficient of unity.
The postsynaptic potential is attenuated and
slowed. The slowing introduces a measured
synaptic delay. Modified from Bennett, 1977,
and Bennett, 2000.
or EPSC (Figures 5B and 5C). Such fast decay is not Coupling observed between cortical inhibitory inter-
neurons was quite symmetrical, although asymmetrypossible for a monophasic presynaptic spike transmit-
ted across a gap junction, which causes a postsynaptic was more pronounced in the cerebellum (Mann-Metzer
and Yarom, 1999). It should be recalled that symmetrypotential that decays with the passive time constant of
the postsynaptic cell (assuming this junction’s conduc- of coupling is not required by ohmic behavior of gap
junctions and that asymmetry may be informative abouttance is small compared to the input conductance of
the cell). If, however, the presynaptic spike has an under- the anatomy. The coupling coefficient from cell 1 to cell
2, k12  V2/V1 with current applied in cell 1, need not beshoot or afterhyperpolarization, the initial depolarizing
current is followed by a hyperpolarizing current that equal to the coupling coefficient in the opposite direc-
tion, k21, with current applied in cell 2, because the cellsshortens the postsynaptic response. Depending on the
amplitude of the presynaptic undershoot, the postsyn- can have different conductances. In the simplest case
of two isopotential cells, the coupling coefficient fromaptic response is made briefer or even biphasic (Figure
5; see also Nolan et al., 1999). Modeling suggests that a high to a low conductance cell is less than that in the
opposite direction, all assuming linear properties of thebrief spikelets can also be generated by extracellular
fields from activity in neighboring neurons (Vigmond et junctions and nonjunctional membranes. [If g1, g2, and
gj are the cell and junctional conductances and g1  g2,al., 1997).
For many neurons, the time integral of the action po- k12  gj/(gj  g2)  k21  gj/(gj  g1).]
In networks, like those of inhibitory interneurons, thetential is negative when the undershoot is included, and
the net postsynaptic effect at an electrical synapse can coupling conductance determined from soma to soma
is only a qualitative measure that reflects access resis-be inhibitory (Figure 5). The amplitude of the undershoot
depends strongly on the resting potential and how the tance through the dendrites, leakage from the dendrites,
the location of the gap junction(s), and the electricalpresynaptic impulse is evoked, as well as on K activa-
tion and deactivation. If the resting potential is close to pathways through other cells to which the measured
cells are coupled. For depolarization and spike transmis-the K equilibrium potential, an action potential evoked
by a brief stimulus will have no undershoot; an under- sion, the propagation of action potentials in the den-
drites is a possible factor, and if a dendrodendritic gapshoot will be present, if the response is evoked by a
long-lasting current. In general, the potential immedi- junction is closer to one soma than the other, spike
transmission will be greater to the closer soma, otherately after the spike approaches but does not cross the
K equilibrium potential. (In exceptional cases, electro- things being equal. Although not yet observed experi-
mentally for interneurons, the coupling coefficient forgenic Na pumping may hyperpolarize the cell below
the K equilibrium potential.) Physiologically, propaga- spike transmission (in one direction) could be greater
than that for low-frequency transmission that is pas-tion of an action potential or initiation by a brief EPSP
is equivalent to initiation by a brief stimulus, whereas sively propagated along the dendrite. Where axons more
than a few space constants long make gap junctionsinitiation of a train of action potentials by a barrage
of EPSPs is comparable to initiation by a long-lasting on downstream cells, presynaptic impulses will be excit-
atory to the postsynaptic cell, but electrotonic spreadcurrent. A subthreshold excitatory synaptic input to one
cell will depolarize a coupled cell; however, when the of DC potentials between upstream and downstream
somata will be negligible.input reaches threshold or initiates repetitive firing of
the first cell, the firing may actually inhibit the coupled
cell after the initial spikelet component of the PSP and How Big Are the Coupled Networks?
The studies of inhibitory interneurons have shown thatreduce the effect of the synaptic depolarization alone.
Effects of this kind have been reported (Figure 5; Galar- coupling between pairs of cells falls off rapidly with
distance and is generally negligible for separationsreta and Hestrin, 2001a).
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Figure 5. Low Pass Filtering at Interneuronal
Electrical Synapses: Hyperpolarizing After-
potentials May Lead to Inhibition
(A) Electrical PSPs of coupled LTS (low
threshold spiking) interneurons summate so
that depolarization increases during a burst
of impulses.
(B) Electrical PSPs of coupled FS (fast spik-
ing) interneurons have an initial depolarizing
spikelet, but the afterhyperpolarization then
decreases the depolarization to below the
level at which presynaptic firing began. (A)
and (B) from Deans et al., 2001.
(C) Electrical PSPs from brief depolarizations
just suprathreshold and subthreshold for
an impulse in one of a coupled pair of FS
interneurons. The subthreshold presynaptic
depolarization (2) causes a monophasic and
slowed postsynaptic depolarization. The su-
prathreshold stimulus (1) causes a biphasic
postsynaptic potential due to transmission of
the afterhyperpolarization; the depolarizing
phase decays more rapidly in (1) than in (2).
(D) Averaged postsynaptic responses of sin-
gle presynaptic impulses evoked by a steady
depolarization. These impulses have a greatly
increased afterhyperpolarization measured
from the depolarized potential just prior to
the impulses compared to those initiated by
a brief stimulus. The resulting PSP has a large
negative going, inhibitory component.
(E) Postsynaptic responses in a coupled pair of FS neurons. When the stimulated cell generates a burst of impulses, the postsynaptic response
has an initial depolarizing spikelet followed by relative hyperpolarization with smaller superimposed spikelets. (C)–(E) from Galarreta and
Hestrin, 2000.
(F) An expanded sweep of a similar burst to those in (E) showing the spikelets superimposed on the hyperpolarization. (F) from Galarreta and
Hestrin, 2001b.
greater than about 200 m, although the dendritic trees extensive tracer coupling was a residuum that was soon
to disappear. This answer was difficult to obtain withare that big in diameter or larger (Fukuda and Kosaka,
2003). It is argued that the coupled network is much wild-type mice, because visualization of neurons be-
comes progressively more difficult as animals maturelarger, and, if all neurons are equivalent, that is a reason-
able extrapolation (Amitai et al., 2002). Large size of the and there is increased myelination and light scattering.
A transgenic mouse expressing EGFP under the parval-coupled networks is suggested by the synchronization
of inhibitory activity over distances much greater than bumin promoter permitted identification of parvalbumin-
positive inhibitory interneurons in significantly older ani-200 m. However, the critical experiment of “walking”
from coupled cell to coupled cell over larger distances mals (Galarreta and Hestrin, 2002; Meyer et al., 2002).
These neurons did indeed remain coupled, while thehas not been published, and it remains possible that
coupled domains are much smaller than the size that more promiscuous coupling of interneurons and pyrami-
dal cells disappeared (Meyer et al., 2002), as expectedwould be predicted if the coupling between neurons
were uniform across the cortical surface. Coupled do- from the earlier studies of tracer coupling (Peinado et
al., 1993).mains in the thalamic reticular nucleus may be consider-
ably smaller, consistent with highly localized somato-
topic organization of this region (Landisman et al., 2002) Inhibitory Interneurons and Generation
Optical recording from the inferior olive (see below) re- of  Oscillations
vealed relatively large domains of activity, the edges of The mammalian neocortex and hippocampus often gen-
which had not been identified by microelectrode mea- erate synchronized, rhythmic patterns of activity that
surements of coupling (Leznik et al., 2002). vary with behavioral state (e.g., Benardo, 1997; Jefferys
et al., 1996; Tamas et al., 2000) These oscillations can
be fast (4–12 Hz for  and 20–70 Hz for  frequencies)Does Electrical Coupling Persist
in Adult Neurons? or ultrafast (“ripple” oscillations in the range of 100–600
Hz). Fast and ultrafast rhythms in hippocampal and neo-In the week or so after birth, tracer coupling is prominent
between many types of neurons, and then the incidence cortical areas just possibly underlie a range of neuronal
processing, such as sensory perception, motor perfor-of coupling gradually subsides (Peinado et al., 1993),
possibly associated with decrease in Cx45 (Condorelli mance, attention, and memory consolidation. The cou-
pled networks of inhibitory interneurons are clearly in-et al., 2003; Maxeiner et al., 2003). It was a question
whether the specific interneuronal coupling observed volved in the generation of many of these synchronized
oscillations. As we shall see, in some cases the fre-in animals only a few days older than those showing
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quency appears to be intrinsic to the inhibitory neuron; oscillations observed in thalamic inhibitory neurons (and
in others it more affected by circuit properties. Gap their follower cells), but presumably increases synchro-
junctions may have little effect on the frequency, but nization to some extent.
can increase synchronization. If cells in a synchronously firing group of neurons
LTS (low threshold spiking) interneurons of the neo- are not firing on every cycle, electrically transmitted
cortex generate highly synchronized rhythmic spiking after hyperpolarization or recurrent chemically mediated
when activated by mGluR agonists (Beierlein et al., inhibition can increase synchronization by preventing
2000), and the frequency and amplitude of these oscilla- slightly delayed firing and increasing the probability that
tions are little affected by blockers of glutamate- and the cell fires in the next response of the population cycle.
GABA-gated ion channels. LTS interneurons rarely in- A computational model indicates that in this role, faster
hibit one another (Gibson et al., 1999), and the lack of acting inhibition is better (Bartos et al., 2002).
effect of GABA antagonists on the frequency is consis- Counterintuitively, at least for some of us, reciprocal
tent with this aspect of the circuitry. Synchronous LTS inhibition can also lead to antiphase firing of pairs or
firing (in the absence of GABA blockers) in turn produces small groups of cells (Bartos et al., 2002; Bush and
well-correlated patterns of inhibition in nearby FS (fast Sejnowski, 1996; Elson et al., 2002; Lewis and Rinzel,
spiking) interneurons and pyramidal neurons. In the 2003).
Cx36 knockout mouse, coupling of LTS cells is greatly
reduced, but they continue to generate oscillations of Other Physiologically Characterized Pools
about the same frequency. However, synchrony be- of Coupled Neurons
tween cells is largely abolished. Together these data Inferior Olive
indicate that the oscillation is intrinsic to the cells and The inferior olive was one of the first sites in the mamma-
that synchronization is Cx36 mediated (Deans et al., lian brain where electrical coupling was demonstrated,
2001; Hormuzdi et al., 2001). The Cx36 knockout mouse in a study combining electrophysiological and ultra-
exhibits greatly diminished extracellularly recorded os- structural determinations (Llinas et al., 1974). Activity of
cillations at  frequencies (Buhl et al., 2003; Deans et the inferior olive is characterized by synchronous firing
al., 2001; Hormuzdi et al., 2001). However, the frequen- and by oscillations that are subthreshold for most cycles
cies are still present at reduced amplitude, again sug- but which occasionally elicit the full-sized TTX-sensitive
gesting that the frequency is determined by intrinsic Na-dependent action potential. Cx36 is strongly ex-
membrane properties and the amplitude by electrically pressed in the nucleus both by in situ hybridization and
mediated synchronization. To be sure, intrinsic fre- by immunolabeling with specific antibodies. In the Cx36
quency may be modulated to a greater or lesser degree knockout mouse, the oscillations in single cells are virtu-
by currents through gap junctions to other cells as well ally identical to those in the wild-type animal; however,
as by reciprocal inhibition (e.g., Bartos et al., 2002). coupling is largely abolished (De Zeeuw et al., 2003;
However, if all coupled cells are firing highly synchro- Long et al., 2002). A few cell pairs showed weak cou-
nously, no current flows across the junctions, which for pling, and an additional connexin may be expressed in
the single cell’s impulse generating mechanism resem-
the nucleus. However, this coupling does not lead to
bles the situation in the Cx36 knockout.
appreciable synchronization of activity of even closely
Modeling indicates that if a group of neurons are uni-
adjacent cells. Thus, one can be confident that Cx36
formly excited, reciprocal recurrent inhibition without
mediates the synchronization observed in wild-type ani-electrical coupling can lead to synchronous firing, al-
mals, but that the basic frequency is largely determinedthough without the precision permitted by gap junctions
by intrinsic membrane properties (although there are(Bartos et al., 2002). A much earlier theory explained
apparently compensatory changes in the excitableoscillations in thalamo-cortical afferents by recurrent
membrane that contribute to maintenance of the oscilla-inhibition (Andersen et al., 1964). Here it was suggested
tory activity). Another interesting feature of the nucleusthat an afferent volley causes relatively synchronous
is the presence of inhibitory synapses out on the den-firing of a group of ventral basal thalamic neurons, which
drites where the gap junctions between cells are local-activate the recurrent inhibitory neurons of the reticular
ized. These synapses are strategically located to reducenucleus, which then hyperpolarize the thalamic neurons.
passive electrotonic propagation along the dendritesAs the IPSPs decay in the thalamic neurons, their excit-
and thereby short circuit coupling between the cell so-ability increases and some of them fire “on the rebound,”
mata (Llinas et al., 1974), as has been demonstrated inwhich causes another inhibitory burst, etc. Electrical
a molluscan system (Spira and Bennett, 1972). Activitycoupling of the inhibitory interneurons of the thalamic
of these inputs may contribute to the parcellation of thereticular nucleus participates in the oscillation by in-
nucleus with respect to synchronized activity (Leznik etcreasing synchronization of the interneuron activity
al., 2002).(Landisman et al., 2002). In the Cx36 knockout, coupling
The Cx36 knockout mouse had an unanticipated phe-of the interneurons was greatly reduced, but patterns
notype in respect to the inferior olive. It had been thoughtof firing were not much affected, indicating that the
that oscillations in this structure were responsible forfrequency was set by the circuit rather than the coupling.
the tremor induced by harmaline, which has about theIt is likely that divergent excitation from relay to reticular
same frequency as the oscillations. Also, since harma-cells and/or divergent inhibition from reticular to relay
line increases oscillatory activity in the inferior olive, itcells is sufficient for significant synchronization. How-
was reasonable to believe that synchronous firing in theever, one would expect that, in contrast to LTS interneu-
olive would mediate the tremorogenic action of harma-rons, the oscillations would be blocked by GABA antag-
onists. Thus, electrical coupling is not required for the line. Surprisingly, harmaline induces tremors in the Cx36
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knockout mouse that are indistinguishable from those firing of the recorded cell is still present, but the activity
can be completely blocked by hyperpolarization, consis-in the wild-type (Kistler et al., 2002; Long et al., 2002).
One possibility is that feedback loops with the deep tent with a cell intrinsic oscillation that is synchronized
with that of other cells by electrical coupling and that iscerebellar nuclei mediate oscillation of sufficient syn-
chronization to account for the tremor, which at 10 Hz independent of coupling to astrocytes. The ME-induced
current is reduced in carbenoxolone (Travagli et al.,is far from requiring the speed of electrical coupling.
Another surprise is that the Cx36 mouse shows no obvi- 1995). Calculation from the extent of the reduction (by
1/3rd), the K equilibrium potential, and the amplitudeous loss of motor coordination tested with respect to
walking and to staying on a rotorod, a rotating horizontal of the ME-induced hyperpolarization with uniform appli-
cation, suggests that the total gap junctional conduc-cylinder that is gradually accelerated until the animal
falls off. These tests do not appear equivalent to living tance is about equal to the nonjunctional conductance.
Thus, the coupling coefficient from the surrounding cellsin the great out-of-doors, but the rotorod does push the
mouse to its limit in this task. Other effects in the Cx36 acting together is about 0.5, whereas the coupling coef-
ficient from the single cell to other cells is at most a fewknockout, such as decreased retinal function at low light
levels and reduced reproductive rates, would very likely percent. This coupling asymmetry is characteristic of the
interneuronal coupling discussed above. Synchronouslead to greater loss of fitness. Knockout animals have
often turned out to have less striking phenotypes than activity in LC neurons should lead to near simultaneous
release of norepinephrine over much (if not all) of thethe gene’s protagonists might have liked.
Locus Coeruleus cortical surface. A role in arousal and orienting re-
sponses of the primate has been suggested (Aston-The locus coeruleus is another site where synchronous
activity of projection neurons is mediated by electro- Jones et al., 2000).
Axo-Axonal Electrical Synapses between Hippocampaltonic coupling. Both electrical and tracer (biocytin or
Neurobiotin) coupling are measurable in slices from Pyramidal Neurons?
Spikelets or fast prepotentials arise spontaneously inyoung animals (Christie et al., 1989; Christie and Jelinek,
1993). A novel (if controversial) aspect of the coupling principal neurons of the hippocampus, consistent with
dendritic spikes that fail to invade the soma (Spenceris that it involves gap junctions with astrocytes as well
as between dendrites (Alvarez-Maubecin et al., 2000). and Kandel, 1961) or spikes in neighboring cells coupled
by gap junctions that fail to propagate across dendro-The mediating connexins are reported to be Cx26, Cx32,
and Cx43. The significance of the glial coupling is un- dendritic synapses (see above, MacVicar and Dudek,
1981). Increased occurrence of spikelets has been cor-clear. An agent that depolarizes glial cells specifically
(L-aminoadipic acid, which serves as a substrate for the related with increase in dye coupling between pyramidal
neurons during seizure activity or intracellular alkaliniza-glutamate transporter) increases neuronal firing, con-
firming that glia are electrically coupled to the neurons. tion (Perez-Velazquez et al., 1994; Valiante et al., 1995).
A recent study provides physiological and pharmaco-In the adult, electrical and tracer coupling between LC
neurons are no longer directly measurable. Repetitive logical evidence that at least some spikelets are gener-
ated at axo-axonic gap junctions with neighboring cellsfiring of the neurons is still synchronized in the presence
of a cocktail of blockers of ligand-gated channels and (Schmitz et al., 2001). Focal extracellular stimulation
close to the axon hillock region elicited antidromic ac-mGluRs, and the activity is desynchronized but not
blocked by carbenoxylone, suggesting that synchroni- tion potentials and, in two-thirds of the cells, spikelets.
The spikelets were greatly reduced or blocked by hyper-zation is mediated by gap junctions, but that oscillation
is intrinsic to the neurons (Travagli et al., 1995). The lack polarization, which is consistent with block of a directly
evoked impulse in an axonal branch or at a downstreamof measurable coupling in the adult is ascribable to
increase in the length of the dendrites and separation node of Ranvier (as shown for motoneurons in the early
days of intracellular recording), as well as on the proxi-of the cell bodies, but decreased junctional conduc-
tance may contribute. mal or distal side of an axo-axonal electrical synapse.
In support of mediation by gap junctions, carbenoxoloneSeveral aspects of the preparation illustrate proper-
ties of electrically coupled networks. In a horizontal slice substantially reduced the spikelet amplitude and slope,
but did not change firing in the soma in response topreparation, the neurons are hyperpolarized by bath-
applied [Met5]-enkephalin (ME), which increases K con- long-lasting current pulses. The most direct evidence
of an axo-axonal site of coupling was spread of theductance, but the apparent reversal potential for the
hyperpolarization is very negative to the K equilibrium fluorescent dye, rhodamine 123, between apparent py-
ramidal cells via axo-axonal contacts in stratum oriens.potential (Travagli et al., 1995). Local application of ME
produces a hyperpolarization with a reversal potential These axo-axonic synapses are proposed to underlie
ultrafast (100 Hz) ripple oscillations in the hippocampalmuch closer to the K equilibrium potential, as does
bath application in carbenoxylone. Evidently, hyperpo- pyramidal layers. Mediation by electrical synapses is
confirmed by persistence in the presence of blockerslarization applied in the cell body is attenuated at den-
dritic sites or in coupled cells where ME is causing K of chemical synaptic transmission (Draguhn et al., 1998).
Cx36 knockout mice exhibit ripples, which remain sensi-efflux. Bath-applied ME, which uniformly hyperpolarizes
the cells, blocks the oscillations in both neurons and tive to inhibition by gap junction blockers and may be
somewhat reduced in frequency (Buhl et al., 2003; Hor-glia, consistent with mediation of the oscillations by
voltage-gated ion channels. Hyperpolarization in single muzdi et al., 2001; Maier et al., 2002). One can safely
conclude that Cx36 gap junctions are not necessary forcells blocks their spikes, but subthreshold oscillations
are still present, evidently electrotonically transmitted the oscillation. However, the activity is getting precise
enough that it might require electrical transmission, and,from neighboring cells. In carbenoxylone, spontaneous
Review
505
as noted above, these findings suggest that another electrical transmission, often heard skeptics assert that
connexin mediates the electrical coupling. During rip- electrical transmission was more primitive and less ca-
ples, individual pyramidal cells do not fire at these high pable of being modified; he finds this shift in attitude
frequencies, and the rhythm appears to be determined entertaining. It does indicate that when one gets into
by time required for the impulse to propagate between teleology of chemical and electrical transmission, one
and across the axo-axonic synapses as well as intrinsic can have it pretty much however one wants.)
excitability (Lewis and Rinzel, 2000; Traub and Bibbig, Olfactory Bulb
2000). Ripples appear to be involved in normal informa- In situ hybridization and immunolabeling demonstrate
tion transfer since their generation is increased in states prominent Cx36 expression in the olfactory bulb (Bellu-
of heightened activity (Buhl et al., 2003). They may also ardo et al., 2000). Expression is strong in the mitral cells
contribute to seizures and epilepsy (LeBeau et al., 2003; and dye coupling is observed between cells connected
Schmitz et al., 2001; Traub et al., 2000; Traub and Bib- to the same glomerulus. Mitral cells also express Cx43
big, 2000). at the mRNA level (Miragall et al., 1996). Mitral cells
Retina with dendritic arborizations in the same glomerulus are
Gap junctions are an integral component of retinal cir- electrically coupled (Schoppa and Westbrook, 2002),
cuitry, to a degree that is sometimes counterintuitive. possibly via another cell type (Kosaka and Kosaka,
Rods and cones can be coupled, which would appear 2003). Mitral cells with arborizations in different glomer-
to degrade spatial resolution. No doubt coupling does uli are not coupled. Thus, the projection of receptors
under some circumstances, but at low light levels, it expressing the same receptor protein to the same glo-
allows summation of inputs to different cells and can merulus is continued into the mitral cells, which, how-
reduce noise, thereby improving resolution (DeVries et ever, have extensive inhibitory surround interactions.
al., 2002). Excitation from rods may also enter the cone There are gap junctions in the neuropil that may connect
pathway through gap junctions between rods and cones mitral cells to granule cells as well as granule cells to
(Deans et al., 2002). Horizontal cells are coupled, and granule cells (Kosaka and Kosaka, 2003). Lucifer yellow
some species have two networks with different re- coupling between mitral cells and granule cells is re-
sponse properties. Coupling of horizontal cells is pre- ported in “lightly fixed tissue,” but fixation presents the
sumed to mediate or contribute to center-surround ef- possibility of artifact (Paternostro et al., 1995). Olfactory
fects and contour enhancement. Immunolabeling and stimulation is accompanied by oscillatory activity in the
use of a knockin reporter gene in the Cx36 locus (in olfactory bulb, but the roles of coupling in determining
mouse) indicates that central to the horizontal cells, synchronization and patterns of “surround” inhibition
Cx36 is strongly expressed; the horizontal cells, how- as well as detailed circuitry remain to be elucidated
ever, are not coupled by Cx36 (Deans and Paul, 2001; (reviewed by Lowe, 2003).
Trexler et al., 2001). In the rabbit, coupling in one of Miscellany
two horizontal cell networks permits Lucifer yellow and A number of other sites of electrical or dye coupling of
Neurobiotin permeation; in the other, only Neurobiotin neurons have been reported but less extensively charac-
permeates and this coupling may well be Cx36 mediated terized. It appears likely that synchronization is the pri-
(Trexler et al., 2001). Amacrine cells of the AII type ex- mary function in most of these systems.
press Cx36 and are coupled to each other and to on- Medium spiny neurons of the striatum, its output neu-
bipolar cells (Deans et al., 2002). In the Cx36 knockout rons, are dye coupled, and the incidence and extent of
mouse, signals from rod photoreceptors do not reach coupling can be modified by various pharmacological
the ganglion cells, indicating that Cx36 is required for treatments (Onn and Grace, 1994, 1999). The local inhibi-
the forward transmission. The anatomy also indicates tory interneurons, which are aspiny, are coupled to each
that the coupling mediates lateral spread, which is recip- other but not to medium spiny neurons (Koos and Tep-
rocal and is likely to be involved in center-surround inter-
per, 1999) The striatum has prominent Cx36 mRNA and
actions.
protein labeling (Belluardo et al., 2000).
Electrical responses in the retina are often graded and
In the mesencephalic nucleus of the trigeminal nerve,not all-or-none. Transmission of graded potentials is
gap junctions may serve to increase muscle spindlemediated both by electrical and chemical synapses.
activation of masseter muscles (Baker and Llinas, 1971).Many of the chemical synapses that transmit graded
In the rat spinal cord, morphologically mixed synapses(presynaptic) potentials have presynaptic dense bodies
with both gap junctions and active zones (morphologi-(also observed in mechanosensitive hair cells, cf. Fuchs
cally mixed because neither mode of transmission haset al., 2003).
been has been demonstrated functionally at these syn-A commentary asks why would a major signaling path-
apses) are frequent in freeze fracture replicas (Rash etway, such as that of rod photoreceptor cells, use electri-
al., 1998). Coupling of motoneurons is common in earlycal rather than chemical synapses at so many sites
development and decreases with maturation, but reap-(Demb and Pugh, 2002). The authors suggest that the
pears in axotomized neurons of the adult (Chang et al.,rod circuit requires modulation with the diurnal cycle
1999, 2000). Synchronization associated with coupling(upregulation at night and downregulation in the day),
may facilitate multiple innervation of motor end platesthat the mediator is a chemical transmitter that modu-
(Personius and Balice-Gordon, 2001). Specific sexuallylates rod pathway synapses, and that the modulation
dimorphic motor nuclei involved in penile erection areworks more efficiently when targets are a gap junction,
coupled by gap junctions (Coleman and Sengelaub,rather than a subset of chemical synapses, i.e., electrical
2002). Spinal preganglionic sympathetic neurons aresynapses are more suitable for the required synaptic
plasticity. (One of us [M.V.L.B.], an early proponent of coupled and tend to fire synchronously in response to
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synaptic activation (Nolan et al., 1999; van den Top et ings (Smith and Pereda, 2003). The distance between
NMDA receptors and affected gap junctions is largeal., 2003).
Respiratory nuclei, which exhibit synchronous bursts, enough to suggest that there could be similar but hetero-
synaptic modulation of dendrodendritic gap junctionsare candidates for synchronization by electrotonic cou-
pling. Coupling has been directly measured in the new- by nearby NMDA receptors in mammalian systems.
born rat (Rekling et al., 2000), but persistence of the
coupling in the adult animal is based on pharmacological Specificity of Formation: Who Does What
data with gap junction blockers (Bou-Flores and Ber- and with Which and with Whom?
ger, 2001). Connexin compatibility is not the only factor that deter-
Coupling in the suprachiasmatic nucleus is modulated mines what kinds of cells form heterotypic gap junctions.
with a diurnal rhythm and is greater during the light For example, junctions between inhibitory interneurons
period when the cells are more active (Colwell, 2000). are quite specific, although the different classes of cou-
In the hypothalamus, oxytocin neurons are coupled pled neurons have overlapping dendritic fields, as well
in lactating females and fire synchronously during milk as axonal arborizations. In the brain parenchyma, oligo-
release (Hatton and Yang, 2001). Vasopressinergic neu- dendrocytes couple primarily to astrocytes although
rons are also coupled (Yang and Hatton, 2002). they are capable of forming gap junctions with each
other. In spinal cord where motoneurons express Cx43,
they form gap junctions only with each other and notPhysiological Controls of Gap
with astrocytes surrounding them (based on absense ofJunctional Conductance
dye coupling; Chang et al., 2000). Targeting of connexinsElectrical synapses are not fixed in their properties, and
specifically to apical or basolateral membranes of epi-many can be modified by activation of various G protein-
thelia is a common characteristic, and targeting to axonscoupled receptors (reviewed in Hatton, 1998). Most con-
and dendrites presumably involves similar mechanismsnexins have at least potential sites of phosphorylation,
(and perhaps targeting molecules). It is likely that speci-although the actual sites are known in only a few cases.
ficity of formation is dependent on cell adhesion mole-Phosphorylation can affect junctional conductance by
cules, which bring cells into contact (Mege et al., 1988),altering single channel properties, by promoting forma-
and glial wrappings, which can keep them apart. A studytion of new junctions, or by increasing internalization of
on the retina is illustrative (Trexler et al., 2001). Neurobio-existing junctions. The earliest reports concerned the
tin injected into A-type horizontal cells spreads widelyaction of dopamine on retinal horizontal cells of lower
in them. It spreads very infrequently into bipolar cells,vertebrates in which junctional conductance was de-
Mueller cells, and B-type horizontal cells; physiologi-creased (e.g., Piccolino et al., 1984). The action of dopa-
cally these “anomalous” connections should not occurmine was mimicked by membrane permeant cAMP de-
and have not been observed. (The low frequency ofrivatives, implicating protein kinase A in the response.
anomalous connections and the physiological observa-Similar results are obtained with mammalian retinas (He
tions are not contradictory.) These data suggest thatet al., 2000; Xin and Bloomfield, 2000). Nitric oxide acting
in this organ at least, the specificity mechanisms verythrough cGMP reduces junctional conductance be-
occasionally break down. It is a nice system to addresstween horizontal cells (Xin and Bloomfield, 2000). Both
the question of specificity, because the functional cir-transmitter systems also act in more proximal layers
cuitry is pretty well established, and wide-spread dyeof the retina (Mills and Massey, 1995). Modulation of
coupling of horizontal cells permits examination of largejunctional conductance by chemical synaptic inputs
numbers of contacts of particular classes. The couplingfrom other neurons appears important in adaptation of
between fusiform cells and stellate inhibitory neurons,the retina to different light levels.
which is rare compared to the coupling between theAdditional CNS circuits show modulation of gap junc-
inhibitory cells, might be an anomaly of this type (Ven-tional conductance. In striatum, dopamine modulates
ance et al., 2000).dye coupling up or down depending on the site, and
nitric oxide can increase dye coupling (Onn and Grace,
1994, 1999). In the hypothalamus, coupling of vasopres- Conclusions
Most if not all neurons express machinery for chemicalsin neurons is increased by activation of H1 histamine
receptors that apparently act through nitric oxide and transmission, and also have genes for the proteins that
would permit them to transmit electrically. IdentificationcGMP (Yang and Hatton, 2002). Coupling and Cx32
mRNA are reported to be increased in females during of connexins, the family of gap junction proteins, should
be virtually complete for mammals. A major break-lactation (Hatton and Yang, 1994; Micevych et al., 1996).
One anticipates that coupling of cortical inhibitory through for mammalian electrical synapses was the
cloning of Cx36, a (nearly) neuron-specific connexin,interneurons will also be modulated by activation of G
protein-coupled receptors. but the preponderance of evidence indicates that some
neurons can express other connexins. In situ hybridiza-Although this is a review of mammalian systems, the
extension of findings in inframammalian species to tion and immunocytochemistry show much broader dis-
tribution of Cx36 than was previously appreciated formammals has been of sufficient importance that it is
reasonable to point out one further example. Club end- electrical synapses. The most common function of elec-
trical synapses is neuronal synchronization, but lateralings on the Mauthner cells form mixed chemical and
electrical synapses. Both LTD and LTP of the electrical spread and forward transmission also occur. Synchroni-
zation among inhibitory interneurons plays an integralcomponent have been shown and are dependent on
(what else?) NMDA receptors localized to the same end- role in a number of the oscillations thought to underlie
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gap junctions in the schwann cell myelin sheath. J. Cell Biol. 142,
tive advantage of either form may be difficult to discern. 1095–1104.
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